Membrane phosphatidylinositol-4,5-bisphosphate (PIP2) is critical for the function of many transient receptor potential (TRP) ion channels. The role of PIP2 in TRPA1 function is not well known. The effect of PIP2 on TRPA1 was investigated by direct application of PIP2 and by using polylysine and PIP2 antibody that sequester PIP2. In inside-out patches from HeLa cells expressing mouse TRPA1, polytriphosphate (PPPi) was added to the bath solution to keep TRPA1 sensitive to allyl isothiocyanate (AITC; mustard oil). Direct application of PIP2 (10 M) to inside-out patches did not activate TRPA1, but AITC and ⌬ 9 -tetrahydrocannabinol (THC) produced strong activation. In inside-out patches in which TRPA1 was first activated with AITC (in the presence of PPPi), further addition of PIP2 produced a concentration-dependent inhibition of TRPA1 [agonist concentration producing half-maximal activity (K 1/2), 2.8 M]. Consistent with the inhibition of TRPA1 by PIP2, AITC activated a large whole cell current when polylysine or PIP2 antibody was added to the pipette but a markedly diminished current when PIP2 was added to the pipette. In inside-out patches with PPPi in the bath solution, application of PIP2 antibody or polylysine caused activation of TRPA1, and this was blocked by PIP2. However, TRPA1 was not activated by polylysine and PIP2 antibody under whole cell conditions, suggesting a more complex regulation of TRPA1 by PIP2 in intact cells. These results show that PIP2 inhibits TRPA1 and reduces the sensitivity of TRPA1 to AITC. allyl isothiocynanate; tetrahydrocannabinol; neomycin; magnesium TRANSIENT RECEPTOR POTENTIAL (TRP) A1 (TRPA1) is highly expressed in a subset of sensory neurons and is activated by pungent and reactive chemicals such as allylisothiocyanate (from mustard), allicin (from garlic), cinnamaldehyde (from cinnamon), formaldehyde, N-methylmaleimide, and ␣,␤-unsaturated aldehydes (2, 3, 14, 37). These chemicals are believed to act directly on the cytoplasmic regions of TRPA1 and cause local covalent modification of the protein, leading to a conformational change and opening of the channel (13, (25) (26) (27) . TRPA1 may also serve as a sensor of cold temperature and mechanical deformation; however, these roles are currently controversial (17, 18, 28, 30, 35, 37, 39) . In addition to pungent chemicals found in nature, endogenously generated molecules such as bradykinin, reactive oxygen species, and 4-hydroxynonenal that are produced during inflammation and oxidative stress, respectively, can activate TRPA1 (2, 4, 39). Thus TRPA1 detects and transduces signals produced by nociceptive chemicals, chemical-induced damage, and inflammation.
The role of PIP2 in TRPA1 function is not well known. The effect of PIP2 on TRPA1 was investigated by direct application of PIP2 and by using polylysine and PIP2 antibody that sequester PIP2. In inside-out patches from HeLa cells expressing mouse TRPA1, polytriphosphate (PPPi) was added to the bath solution to keep TRPA1 sensitive to allyl isothiocyanate (AITC; mustard oil). Direct application of PIP2 (10 M) to inside-out patches did not activate TRPA1, but AITC and ⌬ 9 -tetrahydrocannabinol (THC) produced strong activation. In inside-out patches in which TRPA1 was first activated with AITC (in the presence of PPPi), further addition of PIP2 produced a concentration-dependent inhibition of TRPA1 [agonist concentration producing half-maximal activity (K 1/2), 2.8 M]. Consistent with the inhibition of TRPA1 by PIP2, AITC activated a large whole cell current when polylysine or PIP2 antibody was added to the pipette but a markedly diminished current when PIP2 was added to the pipette. In inside-out patches with PPPi in the bath solution, application of PIP2 antibody or polylysine caused activation of TRPA1, and this was blocked by PIP2. However, TRPA1 was not activated by polylysine and PIP2 antibody under whole cell conditions, suggesting a more complex regulation of TRPA1 by PIP2 in intact cells. These results show that PIP2 inhibits TRPA1 and reduces the sensitivity of TRPA1 to AITC. allyl isothiocynanate; tetrahydrocannabinol; neomycin; magnesium TRANSIENT RECEPTOR POTENTIAL (TRP) A1 (TRPA1) is highly expressed in a subset of sensory neurons and is activated by pungent and reactive chemicals such as allylisothiocyanate (from mustard), allicin (from garlic), cinnamaldehyde (from cinnamon), formaldehyde, N-methylmaleimide, and ␣,␤-unsaturated aldehydes (2, 3, 14, 37) . These chemicals are believed to act directly on the cytoplasmic regions of TRPA1 and cause local covalent modification of the protein, leading to a conformational change and opening of the channel (13, (25) (26) (27) . TRPA1 may also serve as a sensor of cold temperature and mechanical deformation; however, these roles are currently controversial (17, 18, 28, 30, 35, 37, 39) . In addition to pungent chemicals found in nature, endogenously generated molecules such as bradykinin, reactive oxygen species, and 4-hydroxynonenal that are produced during inflammation and oxidative stress, respectively, can activate TRPA1 (2, 4, 39) . Thus TRPA1 detects and transduces signals produced by nociceptive chemicals, chemical-induced damage, and inflammation.
Recent studies show that activation, desensitization, and recovery from desensitization of several TRP ion channels in the TRPM (melastatin)and TRPV (vanilloid) families are dependent or regulated by membrane phosphatidylinositol-4,5-bisphosphate (PIP2) (5, 10, 21, 23, 33, 40) . For example, activation of TRPM8 by menthol requires the presence of PIP2, and factors that reduce membrane PIP2 concentration such as PIP2 antibody, polylysine, and receptor agonists that activate phospholipase C (PLC), reduce activation by menthol (20, 32) . The ability of PIP2 to regulate the channel function has also been reported for TRPM4, TRMP5, and TRPM7 (22, 29, 34) . For TRPV1, initial studies reported that reduction of PIP2 enhanced the activation by capsaicin and that bradykinin and nerve growth factor-sensitized TRPV1 by hydrolysis of PIP2 (6) . Subsequent studies showed, however, that PIP2 directly applied to the patch membrane activated TRPV1 (23, 36) , and that sensitization of TRPV1 by PIP2 may depend on the concentration of the stimulus (23) . TRPV5 is activated by PIP2 via relief of inhibition caused by intracellular Mg 2ϩ (19) . A recent study shows that TRPC4 is strongly inhibited by PIP2, but interestingly this inhibition required intact cytoskeletal network, as treatment of cells with cytochalasin D abolished the inhibition. This finding indicates that the PIP2 effect on this channel is not a simple one and requires a multiprotein complex (31) . Thus PIP2 is a critical component of signaling that regulates the activity of a number of TRP ion channels. The precise regions of interaction between PIP2 and TRP ion channels, however, have not been clearly identified for a majority of TRP channels.
As bradykinin activates TRPA1 via PLC (2), it seems likely that PIP2 may also be involved in the regulation of TRPA1. Indeed, a recent study reported that PAR2, a G protein-coupled receptor, sensitized TRPA1 to mustard oil via depletion of PIP2 (7), whereas other PLC-generated second messengers such as PKC, diacylglycerol, and Ca 2ϩ had no effect on sensitization of TRPA1. This would suggest that membrane TRPA1 is normally in the inhibited state, and that the agonistinduced depletion of PIP2 results in a relief from inhibition, causing TRPA1 to open. However, another study reported that the pharmacological desensitization of TRPA1 involves PIP2 depletion, suggesting that PIP2 supports TRPA1 activity (1) . Therefore, the role of PIP2 on the activation and sensitization of TRPA1 needs further clarification. Whether application of PIP2 directly to inside-out patches activates or inhibits TRPA1
has not yet been reported, although this protocol would provide more direct evidence for the role of PIP2, as has been done with other ion channels. Therefore, to clarify the role of PIP2 in the regulation of TRPA1, we assessed the effect of PIP2 directly applied to membrane patches, as well as the effects of polylysine and PIP2 antibody that sequesters PIP2 from the membrane. We also studied the effect of PIP2 and polylysine under whole cell conditions in response to allyl-isothiocyanate (AITC). The results show that PIP2 is a potent inhibitor of TRPA1 and reduces the sensitivity of the channel to the pungent chemicals AITC. Depletion of PIP2 by polylysine and PIP2 antibody activated TRPA1 in inside-out patches in the absence of AITC, suggesting that the basal membrane PIP2 keeps TRPA1 closed. However, polylysine did not activate the basal whole cell current, suggesting that the modulation of TRPA1 by PIP2 in intact cells is more complex possibly involving other regulatory molecules.
MATERIALS AND METHODS
Transfection in cultured cells. Mouse TRPA1 was a gift from Dr. Artem Patapoutian (Scripps Research Institute, La Jolla, CA). Rat TRPV1 was a gift from Dr. Matoko Tominaga (Okazaki Institute for Integrative Bioscience, Okazaki, Japan). HeLa cells were seeded at a density of 2ϫ10 5 cells per 35-mm dish 24 h before transfection in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum. Cells were cotransfected with plasmids containing a channel and green fluorescent protein (GFP) DNA sequences in pcDNA3.1 using LipofectAMINE2000 and OPTI-MEM I Reduced Serum Medium (Life Technologies). Green fluorescence from cells expressing GFP was detected with the aid of a Nikon microscope equipped with a mercury lamp light source and a GFP filter (emission wavelength, 510 nm). Cells were used 1-2 days after transfection.
Electrophysiological studies. Gigaseal was formed with pipettes with desired resistance (2-5 M⍀). Current was recorded with an Axopatch 200 patch-clamp amplifier, low-pass filtered at 3 kHz using an 8-pole Bessel filter (902-LPF), digitized (Digidata 1322A, Axon Instruments), and stored on computer disk. The sampling rate was 10 kHz. Digitized data were analyzed (pClamp 9.0) to obtain channel activity (NPo; where N is the number of channels in the patch and Po is the open probability), and amplitude histograms to obtain single channel conductance. Duration histograms were obtained from patches showing mainly one level of opening after setting the minimum duration at 0.2 ms and binning the data into log intervals. The histograms were fitted with two exponential probability functions using the maximum likelihood method (Clampfit software). Current tracings shown in figures have been filtered at 50 -100 Hz, except for expanded tracings (1 kHz). For whole cell, cell-attached, outside-out and inside-out patches, pipette and bath solutions contained (in mM) 126 NaCl, 4 KCl, 2 EGTA, 1 MgCl 2, 10 HEPES, and 5 glucose (pH 7.3). Student's t-test was used to test for significance (P Ͻ 0.05). Hill equation was used to fit the data points to obtain agonist concentration producing half-maximal activity (K 1/2) and Hill coefficient using Origene programs. All experiments were done at room and bath temperatures of 23 Ϯ 1°C.
Materials. AITC, ⌬ 9 -tetrahydrocannabinol (THC), capsaicin, menthol, PIP2, wortmannin, and polytriphosphate (PPi) were purchased from Sigma Chemical and all other chemicals and enzymes were also purchased from Sigma Chemical. Monoclonal PIP2 antibody (stock 1 mg/ml) was purchased from Assay Designs (Ann Arbor, MI). AITC and capsaicin were dissolved in DMSO and used at the final DMSO concentration of 0.1% or less. DMSO (0.1%) had no effect on TRPA1 activation by AITC. THC was dissolved in ethanol at a stock concentration of 88 mM and diluted in recording solution as desired.
RESULTS

PIP2 does not activate TRPA1 in inside-out patches. PIP2
has been shown to activate many different types of ion channels, including TRPV1 and TRPM8. To test whether PIP2 also affects TRPA1, inside-out patches were formed from HeLa cells expressing mouse TRPA1, and the purified bovine brain PIP2 preparation was applied to the cytoplasmic side of the membrane. In our recent study, we have characterized the kinetic properties of TRPA1 after expression in HeLa cells, and therefore, they are not repeated here in detail (16) . Ca 2ϩ -free physiological solution was used in the pipette and bath solutions to prevent desensitization and inactivation. In all six patches tested, PIP2 (10 M) failed to activate TRPA1 (Fig. 1A) . In the same patch, the TRPA1 agonist THC (20 M) caused a strong activation of the channels (Fig. 1A ). In the current tracing shown in Fig. 1A , 16 TRPA1 channels were activated by THC. In cells expressing only GFP or in nontransfected cells, THC did not activate any channels (n ϭ 6 each). In patches where THC activated only a few channels, the single channels were analyzed to determine their kinetic properties. The single channel conductance was 63 Ϯ 4 pS (n ϭ 3) at the membrane potential of Ϫ40 mV, and 82 Ϯ 6 pS at ϩ40 mV, producing a slightly outward-rectifying current-voltage relationship. These channel properties are similar to those previously reported for TRPA1 (16, 28) .
Our recent study showed that TRPA1 switches from the native state that is sensitive to pungent chemicals to an insensitive state when the patch is removed from the cell (inside-out patch), possibly due to loss of a cytosolic factor that is required for channel activation (16) . It was also found that the presence of a polyphosphate such as PPPi could keep TRPA1 in the AITC-sensitive state even in inside-out patches. To test whether TRPA1 needs to be in the native conformation to be activated by PIP2, inside-out patches were formed with 5 mM PPPi in the bath solution, and then PIP2 was applied to the patches. Still no activation was observed with PIP2, although AITC evoked a large activation in the same patches (Fig. 1B) . Lower and higher concentrations of PIP2 (2 and 20 M) also failed to activate TRPA1 (n ϭ 3 each). In inside-out patches containing TRPV1, application of PIP2 produced a small but significant increase in channel activity, as shown in the inset of Fig. 1C . Capsaicin caused a much larger activation in the same patch (Fig. 1C) . These results show that PIP2 does not activate TRPA1 when directly applied to inside-out patches.
PIP2 is an inhibitor of TRPA1. We tested the possibility that PIP2 is an inhibitor of TRPA1. Inside-out patches from HeLa cells expressing TRPA1 were formed, and THC or AITC was applied to the bath solution to activate TRPA1. PIP2 (5 M) was then applied to the patch together with THC or AITC. This concentration of PIP2 produced a rapid and strong inhibition of TRPA1 activated by THC and AITC (Fig. 2, A and B) . Channel activity recovered nearly completely following washout of PIP2. To determine the inhibitory potency of PIP2, TRPA1 was first activated with AITC added to the pipette in the presence of 5 mM PPPi in the bath solution, and a low concentration of PIP2 (0.1 M) was applied to the inside-out patch. The concentration of PIP2 was then progressively increased to 20 M (Fig. 2C, top) . PIP2-DiC8, a synthetic PIP2 with shorter lipid side chains, produced a similar concentration-dependent inhibition of TRPA1 (Fig. 2C, bottom) . Channel activity at each [PIP2] was determined, and the data were fitted to the Hill equation of the form:
, where y is the fractional activation, A is the concentration of the agonist, K 1/2 is the agonist concentration producing halfmaximal activity, and n is the Hill coefficient. K 1/2 values for natural and DiC8 forms of PIP2 were 2.8 and 2.1 M, respectively, and n values were 1.5 and 1.5, respectively (Fig. 2D) . PIP2-DiC8 (5 M) caused a 82 Ϯ 7% inhibition (n ϭ 3) of TRPA1 in Mg 2ϩ -free solution, not significantly different from that observed with 1 mM Mg 2ϩ (76 Ϯ 6% inhibition). Because TRPA1 desensitized mildly with time after activation with THC, we were unable to obtain the concentration-dependent curve for inhibition of THC-activated TRPA1 by PIP2. Nevertheless, the inhibition of TRPA1 by PIP2 was evident in all patches tested. Figure 3 shows a current tracing in which TRPA1 was activated with AITC, and low concentrations of PIP2 were used to inhibit TRPA1 in an inside-out patch held at the membrane potential of Ϫ40 mV. Expanded current tracings are shown for different concentrations of PIP2 as indicated by lower-case letters (Fig. 3B) . Comparison of the amplitude histograms shows that PIP2 does not significantly affect the unitary conductance at either Ϫ40 mV or ϩ40 mV (Fig. 3E) . Open time duration histograms were also obtained from patches that showed mainly one level of opening. The open duration histograms obtained from channel openings at Ϫ40 mV were well fitted with two exponential probability function (Fig. 3D) . According to these analyses, TRPA1 has two open states with mean open times of 2.9 Ϯ 0.8 ms ( 01 ) and 11.5 Ϯ 2.9 ( 02 ) ms with approximately equal probability, as judged by the areas covered by the exponential curves. PIP2 caused a progressive shortening of the long openings with small effects on the short openings (Fig. 3F) . At 2 M PIP2, only 9% (area) of the total current was contributed by longer open state when compared with 55% without PIP2. At higher PIP2 concentrations (10 -20 M) , the open time duration histograms could be fitted with only one exponential function, the mean open time decreased to Ͻ1 ms (0.7-0.9 ms), and the unitary conductance also decreased from 65 to ϳ35 pS (at Ϫ40 mV; not shown). Therefore, the effect of PIP2 at concentrations above 10 M is unlikely to be physiological, because TRPA1 channels with such properties are not present under normal conditions. These results show that PIP2 is a potent inhibitor of TRPA1 and reduces the effectiveness of AITC to activate TRPA1, mainly by destabilizing the long open state of the channel.
Role of PIP2 in TRPA1 function. To further test the role of PIP2 on TRPA1 function, polylysine and PIP2 antibody were used to reduce the level of PIP2 in the membrane. First, whole cell currents in response to AITC were recorded at Ϫ30 mV in HeLa cells expressing TRPA1 with pipette solution containing PIP2, polylysine, PIP2 antibody, or none of the three compounds (control). Under these conditions, the use of PPPi was not necessary, as cell cytoplasm presumably contains the factor that maintains TRPA1 in the functional state and dialysis of this factor is relatively slow (16) . In Ca 2ϩ -free physiological solution, AITC produced a large ruthenium red-sensitive whole cell current in cells dialyzed with control solution for ϳ4 min (Fig. 4A) . With polylysine (10 g/ml) or PIP2 antibody (20 g/ml) in the pipette, the AITC-evoked currents were slightly larger than those observed in control cells. However, when PIP2-DiC8 (10 M) was present in the pipette, the response to AITC (50 M) was greatly diminished (Fig. 4A) . The averaged results obtained at Ϫ30 mV are shown in Fig. 4B . In another set of cells expressing TRPA1, whole cells were held at Ϫ60 mV, and ramp pulses were applied from Ϫ60 to ϩ60 mV (1-s duration) to record whole cell currents (Fig. 4A, right) . The results from these experiments show that PIP2-DiC8 markedly inhibits activation of TRPA1 by AITC for both inward and outward current.
The strong inhibition of TRPA1 by PIP2 suggests that the basal level of membrane PIP2 might be keeping the channels in the inhibited state, as observed in cell-attached patches that normally show low, basal TRPA1 activity. If so, lowering [PIP2] may relieve TRPA1 from inhibition leading to activation. However, this was not obvious from the whole cell current recordings shown in Fig. 4 . It was possible that the endogenous cytosolic factor that keeps TRPA1 in the AITCsensitive state was slowly dialyzed out of the cell during whole cell recording and prevented activation of basal TRPA1 by polylysine. To keep TRPA1 in the functional state, PPPi (5 mM) was added to the pipette along with polylysine (10 g/ml), and the whole cell current was recorded at Ϫ30 mV. Even in the presence of PPPi, we failed to observe an increase in basal current, although subsequent application of AITC caused further activation of TRPA1 in all six cells tested (not shown). The lack of activation of TRPA1 by polylysine was further investigated using inside-out patches.
Activation of TRPA1 by polylysine and PIP2 antibody in inside-out patches. The whole cell studies above suggest that the reduction of PIP2 by polylysine and PIP2 antibody does not activate TRPA1 under basal conditions. To confirm these findings, the effect of PIP2 depletion on TRPA1 was further tested in inside-out patches. Inside-out patch was formed in the presence of 5 mM PPPi, and polylysine was added to the cytoplasmic side of the membrane. Interestingly, polylysine (10 g/ml) produced a significant increase in TRPA1 activity above the basal level observed in the presence of PPPi alone (Fig. 5A ). This activation of TRPA1 did not occur when the concentration of polylysine was 1 g/ml (n ϭ 4; not shown), suggesting that a small reduction of PIP2 may be insufficient to activate TRPA1. Similarly, adding PIP2 antibody (20 g/ml) also evoked activation of TRPA1 in all patches tested when used at a concentration of 20 g/ml but not at 2 g/ml (Fig.  5B) . Activation of TRPA1 by polylysine (or by PIP2 antibody; not shown) was strongly inhibited by application of 10 M PIP2-DiC8 (Fig. 5) . A similar activation of TRPA1 by polylysine was also observed when 2 mM ATP was present in the bath solution (Fig. 5C ). The activation of TRPA1 by polylysine in the presence and absence of ATP was similar when normalized to the initial basal level (Fig. 5D) . These results show that in inside-out patches, polylysine and PIP2 antibody lead to opening of TRPA1 and suggest that membrane PIP2 keeps TRPA1 in the low activity, basal state.
We also tested whether neomycin, a positively charged aminoglycoside antibiotic known to bind PIP2, activates TRPA1 by reducing membrane [PIP2]. Neomycin (300 M), however, failed to activate TRPA1 when applied to inside-out patches (n ϭ 4). When neomycin (300 M) was applied to patches in which TRPA1 was first activated with AITC (50 M), the antibiotic caused a significant inhibition (42 Ϯ 8%; n ϭ 4) of TRPA1 activity. This result might suggest that shielding PIP2 by neomycin is associated with reduced TRPA1 activity and therefore that PIP2 is a positive modulator of TRPA1. However, the result that PIP2 inhibits TRPA1 in inside-out patches suggests that neomycin may have a direct inhibitory effect on TRPA1. Similarly, high concentrations of Mg 2ϩ (10 mM) also caused inhibition (56 Ϯ 9%; n ϭ 4) of AITC-activated TRPA1, and no activation of TRPA1 by Mg 2ϩ was ever observed under basal conditions in all six patches tested. Like neomycin, the inhibitory effect of high Mg 2ϩ on TRPA1 could be partially due to shielding of PIP2. However, based on the strong inhibitory effect of PIP2 on TRPA1, it seems more likely that high Mg 2ϩ has a direct inhibitory effect on TRPA1.
Inhibition of PIP2 synthesis reduces membrane [PIP2], and wortmannin has been used often to reduce membrane [PIP2] (38) . Therefore, the effect of 20 M wortmannin, an inhibitor of phosphatidylinositol-3-kinase and phosphatidylinositol-4-kinase at this high concentration, was studied on TRPA1 activity in cell-attached patches and compared with that observed in control patches incubated similarly without the drug for 1 h. The basal levels of activity in the two groups were low (NP o : 0.013 Ϯ 0.005 vs. 0.016 Ϯ 0.005; n ϭ 5 each; P Ͼ 0.05) and were not significantly different. In wortmannin-treated cells, AITC produced a strong activation of TRPA1 in cellattached condition, similar to those of untreated control cells. The concentration-dependent inhibition of AITC-activated TRPA1 by PIP2 was also similar to those observed in control cells (K 1/2 , 2.5 M, n ϭ 1.5; n ϭ 4). The lack of effect of wortmannin could be that, in the presence of normal levels of intracellular ATP, it did not produce a large enough reduction of membrane PIP2 that is necessary to release TRPA1 from inhibition. This would be in keeping with the observation that activation of TRPA1 under basal conditions required relatively high concentrations of polylysine and PIP2 antibody (see DISCUSSION) .
DISCUSSION
Membrane PIP2 regulates many ion transporters including TRP ion channels. The level of PIP2 in the membrane is thought to be a critical determinant of the basal level of activity and of the sensitivity of a channel to its modulators (10, 33, 40) . Therefore, any changes in [PIP2] produced by altered synthesis and degradation elicited by altered activities of lipid kinase/phosphatase and PLC would have a significant impact on the channel activity and thus the cell excitability. It is generally believed that channels with low affinity for PIP2 are more sensitive to changes in PIP2, whereas channels with high affinity for PIP2 are less sensitive changes in PIP2 (10) . Most ion channels show increased basal activity and sensitivity when membrane [PIP2] is elevated. Here, we studied the role of PIP2 in TRPA1 function by directly applying it to inside-out patches and by using PIP2 scavengers and found that PIP2 is a potent inhibitor of TRPA1. Thus TRPA1 can be added to the group of channels that are inhibited by PIP2. This group includes drosophila TRPL, TRPV1, TRPP2 (PKD2), and TRPC4 (6, 11, 23, 24, 31) . It must be noted that the response to PIP2 in excised patches and in intact cells (in vivo) may be different. For example, TRPV1 may be activated by PIP2 in excised patches (23, 36) , but it may be inhibited in intact cells (6, 23) . Similarly, drosophila TRPL is inhibited by PIP2 in inside patches (9) , but such inhibition was not apparent in vivo (12) .
Our results, together with the earlier findings by Dai et al. (7), show that PIP2 inhibits TRPA1 in both excised patches and whole cell conditions. The finding that PIP2 inhibits TRPA1 suggests that membrane PIP2 could be keeping the basal level of channel activity low, as typically observed in cell-attached patches in the absence of any chemical activators. Our results that PIP2 antibody and polylysine applied to excised patches increase TRPA1 activity support such a role for PIP2, at least in inside-out patches. However, our findings were obtained in the presence of PPPi that is not likely to be a physiological modulator of TRPA1. The highly negatively charged character of polyphosphates may also affect the function of other proteins that might be associated with the channel protein. Therefore, until we identify the cytosolic factor that supports the function of TRPA1, the results need be interpreted with caution.
If polylysine were to remove TRPA1 from tonic inhibition, polylysine in the pipette would be expected to slowly increase the basal whole cell current in the absence of AITC. Surprisingly, we did not observe a significant increase in basal current with polylyine or PIP2 antibody in the pipette. Therefore, we were unable to reproduce our finding in excised patches at the whole cell level with respect to activation by PIP2 scavengers. What could explain this difference? In a recent study, TRPC4, a channel that is also inhibited by PIP2, was found to be associated with actin skeleton through interaction with PDZ protein Na/H exchanger regulatory factor and ezrin (31) . For TRPC4, PIP2 depletion alone was not sufficient to activate the channel, as additional factors such as G protein and Ca 2ϩ were involved (31). Therefore, it is possible that the basal TRPA1 activity in vivo is also dependent on the functional network of proteins, and simply reducing the level of PIP2 does not cause activation of TRPA1 in intact cells. Breakdown of the network that probably occurs in excised patches could remove such factors and may allow an easier activation by polylysine. In this regard, we were also unable to measure an increase in basal activity of TRPA1 when wortmannin was used to block generation of PIP2 in intact cells. It may also be that the activation of TRPA1 by AITC and other pungent chemicals is highly sensitive to [PIP2], but the opening of the channel in the absence of such chemicals (or receptor agonists) is less sensitive to [PIP2] and require much greater depletion of PIP2. This interpretation would be consistent with the observation that a low concentration of polylysine (1 g/ml) or PIP2 antibody (2 g/ml) did not activate TRPA1 in inside-out patches. Clearly, further studies are needed to better understand the regulation of TRPA1 by PIP2 in the absence of chemical agonists in the native system.
The finding that PIP2 inhibits TRPA1 suggests that activation of TRPA1 by agonists may occur via PLC-induced deg-radation of PIP2. The recent work of Dai et al. (7) shows that PAR2 (a G protein-coupled receptor agonist) expressed in dorsal root ganglion neurons sensitizes the response of TRPA1 to AITC. In this study, application of 10 M PIP2 to the pipette solution almost completely inhibited the sensitization produced by PAR2, and PIP2 antibody fully recovered the sensitization. From these results, the authors concluded that the agonistmediated potentiation of TRPA1 activity occurs by PIP2 depletion. Our results that PIP2 strongly inhibits AITC-or THC-activated TRPA1 support the observations by Dai et al. (7) that PIP2 inhibits sensitization. Our findings also support the general conclusion that depletion of PIP2 is involved in sensitization of TRPA1 to AITC. Thus membrane PIP2 is a critical modulator of TRPA1 function, and any intervention that alters the level of PIP2 would be expected to produce the associated change in TRPA1 sensitivity to other activators such as AITC. It is interesting that PAR2 itself did not activate TRPA1 in HEK cells expressing PAR2 receptor and TRPA1 (7), suggesting that either the reduction of [PIP2] by PLC was not sufficient or that factors other than depletion of PIP2 are involved, as demonstrated for TRPC4 (31) . This could explain the lack of activation of TRPA1 by polylysine under whole cell conditions in the absence of a chemical activator such as AITC.
A recent study reported that one mechanism that leads to pharmacological desensitization of TRPA1 involves PIP2 depletion (1). Our study as well as that of Dai et al. (7) are not consistent with this idea, as PIP2 inhibits TRPA1. However, because TRPV1 was coexpressed with TRPA1 and several mechanisms may be involved in desensitization under these conditions, it is possible that the role of PIP2 in regulating TRPA1 is different when TRPV1 is coexpressed.
In our study, we had to use PPPi to activate TRPA1 with AITC in inside-out patches, because TRPA1 could not be activated by AITC without PPPi (16) . However, in other studies, AITC has been reported to activate TRPA1 in insideout patches without adding any foreign molecules (8, 41) . We do not have a satisfactory answer for these differences but can offer a plausible explanation. We propose that a cytosolic factor that can be functionally mimicked by PPPi keeps TRPA1 in the AITC-sensitive conformation. Upon formation of inside-out patch, the cytosolic factor is lost and TRPA1 shifts to a conformation that is insensitive to AITC. It is possible that in patches that contain many TRPA1 channels, one or two channels may remain sensitive to AITC because of the presence of the cytosolic factor associated with the membrane until it is gradually washed away. In some patches from HeLa cells containing many channels, we have observed activation of one or two channels by AITC that eventually closed with time, but this was a rare event in most patches. Further studies are clearly needed to identify the cytosolic factor and its mechanism of action and to resolve the issue of polyphosphate requirement for activation.
While our paper was under review, Karashima et al. (15) reported that PIP2 delays desensitization of TRPA1 and that PIP2 and Mg-ATP induces recovery of TRPA1 in inside-out patches. It was therefore concluded that PIP2 has a positive modulatory effect on TRPA1 (15) . These findings are in contradiction to our results that PIP2 inhibits TRPA1 and the results of Dai et al. (7) . Clearly, further studies are needed to address the complex nature of TRPA1 regulation under different conditions.
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